As an essential experimental input to finite element models (FEM) of hydroforming processes, the present work focuses on understanding the flow behavior of an austenitic stainless steel (SS321) during deformation. It also investigates the possibility of increasing formability by using a multi-step forming process that includes several cycles of forming followed by a softening heat treatment. In this context, the forming process is simplified to a tensile experiment that is divided into several deformation steps with a softening heat treatment after each forming stage. An automated deformation measurement system (ARAMIS) is used to visualize the strain distribution along the samples and to measure the maximum strain during the tests. The introduction of intermediate heat treatments increases considerably the formability of SS321 alloy. These experimental data are then used to develop material models for FEM applications.
INTRODUCTION
Tube hydroforming (THF) is an innovative metal forming process that uses a pressurized fluid inside a tube to form the material into die cavity. This process can have many advantages compared to traditional stamping and welding processes. Tube hydroforming allows weight reduction, reduced tooling and assembly costs, fewer number of operations and superior quality of the products that makes it an attractive process in many industries such as aerospace, marine and automotive [1, 2] . The application of THF process to the aerospace field is relatively new and challenging due to the limited formability of several aerospace alloys.
Knowing that the success of a hydroformed product depends on the proper choice of the initial material, certain material characteristics such as a uniform elongation, a high strain hardening exponent and a low anisotropy are required for quality hydroforming applications, as summarized by Koç et al. [3] [4] [5] . Currently, very little work has been done experimentally to characterize the effects of metallurgical characteristics and mechanical behavior of materials under specific conditions on hydroformability [6, 7] . This step is indeed essential to develop material models for FEM applications.
In order to increase the hydroformability of aerospace alloys, intermediate heat treatments have been performed between multiple deformation steps. In the present paper, the multi-stage forming process done on generic material SS321 sheets is reported. Interrupted tensile tests are done as simple types of multi-stage forming processes.
EXPERIMENTAL PROCEDURE
The interrupted tensile tests are conducted on flat tensile samples in three stages. First, applied strains for each step (limit strain) are selected in a manner to ensure that the deformation remains homogeneous in the investigated region. To determine the limit strain, at each stage, a specimen is pulled up to rupture and strain distribution along the sample is recorded using Aramis system, an automated deformation measurement system as described in section 2.2.1. The limit strain is selected as close as possible to the neck, while the strain distribution is relatively uniform along the gage length. Secondly, for each stage, a laser extensometer is used to read the strain during the test and stop the test at the limit strain. Finally, the deformed specimens are heat treated after each pulling stage and this pulling/softening cycle is repeated three times. The sample is pulled until final rupture for characterization.
MATERIAL AND EQUIPMENTS
The tensile tests are performed under displacement control. The stretch velocity is 0.06 mm/s until yield and then 0.16 mm/s from that point to the rupture. The studied material is the SS321, a Chromium austenitic stainless steel stabilized by Titanium against intergranular chromium carbide precipitation. It shows high corrosion resistance and good formability. All the tensile specimens tested here are cut in the rolling direction. Prior to testing, for each speci and thickness are measured at three different positions along the gauge length in order to calculate the stresses at the end of the test.
TEST PROCEDURE

Machine Set up
The tensile tests are conducted with a MTS 810 machine in conjunction with the Aramis system and the laser video extensometer. The Aramis system is a non optical 3D deformation measurement system that is used to analyze, calculate and document material deformation. The system comprises a sensor with two cameras, a trigger box and a high performance PC system. Figure 1 illustrates the setup for the interrupted tensile tests. As shown in this figure, the two stereoscopic cameras are placed in front of the MTS machine to capture the global and local strains during the process, the laser video extensometer is placed in the back of the MTS machine to measure the strain online and stop the test at the limit strain. All the data is recorded and synchronized with the load from the tensile machine and the strain obtained from Aramis system.
Sample preparation
In order to use the Aramis system, a high stochastic contrast pattern is required on the sample, i.e., a good
Figure 1:
Laser extensometer
Specimen
MATERIAL AND EQUIPMENTS
The tensile tests are performed under displacement control. The stretch velocity is 0.06 mm/s until yield and then 0.16 mm/s from that point to the rupture. The studied material is the SS321, a Chromium-Nickel stainless steel stabilized by Titanium against intergranular chromium carbide precipitation. It shows high corrosion resistance and good formability. All the tensile specimens tested here are cut in the rolling direction. Prior to testing, for each specimen, the width and thickness are measured at three different positions in order to calculate the stresses
The tensile tests are conducted with a MTS 810 machine with the Aramis system and the laser video extensometer. The Aramis system is a non-contact optical 3D deformation measurement system that is used to analyze, calculate and document material deformation. The system comprises a sensor with two cameras, a igger box and a high performance PC system. Figure 1 illustrates the setup for the interrupted tensile tests. As shown in this figure, the two stereoscopic cameras are placed in front of the MTS machine to capture the global ocess, the laser video extensometer is placed in the back of the MTS machine to measure the strain online and stop the test at the limit strain. All the data is recorded and synchronized with the load from the tensile machine and the strain obtained In order to use the Aramis system, a high stochastic contrast pattern is required on the sample, i.e., a good contrast between small black dots and a white background is required. Thus, the specimens are painted with random speckles of black paint on a white background. On the other side of the sample, two pieces of laser tape are adhered to mark the gauge length during the test. The strain maps captured by the Aramis system as well as the elongation tracked by the video used to plot stress-strain curves for each stage. The Aramis cameras captured images at the frame rate of 3 images per second. At the end of the test, each image are computed and post processed in order to extract strain maps. From these maps, deformations are calculated. The stresses are obtained by extracting load data from the tensile machine. 
INTERMEDIATE HEAT TREATMENT
It is important to remind that SS321 is hardened by cold work and not by heat treatment. On the other hand, Stress Relieve heat treatment (SR) is used to relieve stresses and increase ductility [8] . The SR treatment performed on the interrupted tensile samples is illustrated in Figure 3 , which consists of one hour hold at 982°C.
Figure 3: Stress relief heat treatment performed on the samples
RESULTS AND DISCUSSION
STRAIN DISTRIBUTION FROM ARAMIS
In order to decide the level of deformation at which each tensile test should be stopped, the strain distribution along the sample during a full tensile test is obtained. Then, the beginning of the localization is identified using Aramis strain distribution results. Figure  4 illustrates the strain distribution along the gage length median axis of the tensile sample, as the test is progressing. This is representative of the distribution of strain on the whole gage length area. From this figure it can be seen that around 40%-45% maximum strain the curves start to bulge, indicating the onset of localization. Based on Figure 4 , at 25% strain, the strain curve is flat; indicating that strain distribution at the gauge length is uniform. The same observation has been carried out after 1 and 2 steps (Samples B and C). So 25% strain is sleeted as the limit strain for the interrupted tensile tests. Figure 5 shows the cumulative engineering stress curves obtained from the interrupted tests. As shown in this figure, four samples are pulled up to the rupture (A, B, C and D). The sequence of forming and heat treatment performed on these samples are shown in Table 1 . From Figure 5 , it can be seem that the tests are q reproducible from one sample to another sample up to 25% as well as up to rupture. However, the yield strength decreases slightly whereas the cumulative total deformation increases significantly. The SR heat treatment seems to restore the ductility of after each stage of deformation.
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of deformation at which each tensile test should be stopped, the strain distribution along the sample during a full tensile test is firstly obtained. Then, the beginning of the localization is identified using Aramis strain distribution results. Figure  illustrates the strain distribution along the gage length median axis of the tensile sample, as the test is progressing. This is representative of the distribution of strain on the whole gage length area. From this figure it maximum strain the curves start to bulge, indicating the onset of localization. Based on Figure 4 , at 25% strain, the strain curve is flat; indicating that strain distribution at the gauge length is uniform. The same observation has been carried out after 1 and 2 steps (Samples B and C). So 25% strain is sleeted as the limit strain for the interrupted tensile tests.
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Strain curves
5 shows the cumulative engineering stress-strain from the interrupted tests. As shown in this figure, four samples are pulled up to the rupture (A, B, C and D). The sequence of forming and heat treatment performed on these samples are shown in From Figure 5 , it can be seem that the tests are quite reproducible from one sample to another sample up to 25% as well as up to rupture. However, the yield strength decreases slightly whereas the cumulative total deformation increases significantly. The SR heat treatment seems to restore the ductility of the material Based on Table 1 , specimen D has undergone three sequences of 25% deformation and SR heat treatment and finally pulled to the rupture, while specimen A has undergone a simple tensile test. Table 2 summaries the mechanical properties of specimen A and D. By comparing these two samples, it can be seen that the yield strength (YS) dropped by 60 MPa and the UTS is dropped by almost 30 MPa. Figure  6 depicts the evolution of the yield strength and the cumulative strain in the interrupted test performed in this study. From this figure, it is clear that the major drop in yield strength occurs after the first SR heat treatment: no significant decrease in YS is observed over the next stages. The cumulative strain in Figure 6 indicates that the SR heat treatment leads to a high increase in formability of the material, with a small loss of strength.
The cumulative strain for sample D reaches 126%, which shows an extra 70% strain compared to sample A (51.5%). 
Figure 6: Evolution of YS and strain in the interrupted tensile test (sample D)
It is important to notice that while large deformation levels are reached, an important thickness reduction is also observed. For example in the study performed here, the thickness reduction measured in the case of SS321 reached about 35% after three passes.
CONCLUSIONS
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The purpose of this paper was to study a method to increase the formability of aerospace materials for hydroforming applications. To reach that goal, the effect process, which is a sequence of forming and softening heat treatment, on the formability of stainless steel 321 has been studied. First of all, the stress relieve heat treatment led to a major restoration of the deformation without a significant loss of t mechanical properties. Multi-stage forming process is an interesting approach to reach higher levels of deformation. For hydroforming applications, it means that the process could be divided into several steps with a softening heat treatment applied bet Likewise, a compromise must thus be reached between an increased formability and thickness reduction.
forming and softening heat treatment, on the formability of stainless steel 321 has been studied. First of all, the stress relieve heat treatment led to a major restoration of the deformation without a significant loss of the stage forming process is an interesting approach to reach higher levels of deformation. For hydroforming applications, it means that the process could be divided into several steps with a softening heat treatment applied between each step. Likewise, a compromise must thus be reached between an increased formability and thickness reduction.
